Introductionidentify significant voxels throughout the brain that had consistent structural connectivity with 244 each of the convergence zones. 245
246

Resting State fMRI Preprocessing and Analyses 247
SPM8 (Wellcome Department of Imaging Neuroscience, London, UK) was used to preprocess 248 all resting state fMRI data (rsfMRI) collected from 55 of the 60 participants with DSI data. To 249 estimate the normalization transformation for each EPI image, the mean EPI image was first 250 selected as a source image and weighted by its mean across all volumes. Then, an MNI-space 251 EPI template supplied with SPM was selected as the target image for normalization. The source 252 image smoothing kernel was set to a FWHM of 4mm and all other estimation options were kept 253 at the SPM8 defaults to generate a transformation matrix that was applied to each volume of the 254 individual source images for further analyses. 255
The convergence zones and striatal precentral clusters obtained from the tractography 256 analyses were used as seed points for the functional connectivity analysis. A series of custom 257 MATLAB functions were used to 1) extract the voxel time series of activity for each 258 convergence zone, 2) remove estimated noise from the time series by selecting the first five 259 principle components from the SRI24 tissues white matter and cerebrospinal fluid (CSF) masks, 260 and 3) calculate t and p values of consistent activity with corresponding significance. Resting 261 state fMRI data was analyzed using AFNI (Cox, 1996) to calculate functional activity throughout 262 the brain correlated with each convergence zone and striatal precentral cluster seed in accordance 263 with previously employed methods (see Choi et al., 2012) . Specifically, functional activity 264 correlations (r) were converted to Z-scores using Fisher's r-to-Z transformation for each 265 convergence zone and striatal precentral cluster across all 55 datasets. 266
First, a convergence zone or striatal precentral cluster mask was loaded into MATLAB 267 8.1/R2013a (The Mathworks, Sherborn, MA) with an individual participant's rsfMRI time series 268 data. The time series of activity corresponding with the volume of the mask was extracted, 269
yielding activity values for each voxel in the mask across all 210 volumes of the rsfMRI BOLD 270 EPI sequence. Next, the time series was de-noised by regressing the first five principal 271 components of estimated noise from the white matter and CSF voxels out of the total time series 272 activity. Once de-noised, the data were smoothed with a Gaussian kernel (FWHM = 2mm) and a 273 one-sample t-test was run to identify consistent, significant functional activity correlated with the 274 time series across all 55 datasets. Corresponding FDR-corrected values of q < 0.05 were also 275 calculated to create maps of significant functional activity for each convergence zone and striatal 276 precentral cluster mask (see Figure 5) . 277
278
Structural and Functional Connectivity Overlap Analysis 279
Using a custom MATLAB function, t-maps of consistent structural connectivity from the DSI 280 data, and Z-transformed correlation (r) maps from the fMRI data were used to calculate the 281 percentage of structurally significant voxels (i.e., a cortical voxel that had significant structural 282 connectivity with a striatal convergence zone) that were also functionally significant. For this, 283 the DSI t-map data were thresholded at q < 0.05 to yield all significant voxels with structural 284 connections that were consistent across all 60 DSI datasets. Corresponding rsfMRI data were 285 also thresholded at q < 0.05, resulting in maps of voxels with significant functional connectivity 286 across all 55 fMRI datasets. For each convergence zone, t-maps and Z-maps of structural and 287 functional connectivity, respectively, were loaded into MATLAB. A voxel was considered to 288 have significant structural or functional connectivity if the one-sample t-test to find consistent 289 connections across all DSI or rsfMRI datasets resulted in a significant q value. The maps of 290 significant structural and functional connectivity for each convergence zone were binarized such 291 that all voxels with a q < 0.05 were set to 1, and all other voxels were set to 0. After transforming 292 the binary data into single column vectors, the dot product of significant structural and functional 293 voxels was summed and divided by the number of significant structural voxels. This calculation 294 yielded the percentage of cortical voxels that had significant structural and functional 295 connectivity with a striatal convergence zone, aggregated across all voxels within a given zone. 296
Finally, a permutation test was conducted to determine the chance levels of overlap 297 between the structural and functional measures of connectivity. For each convergence zone, a 298 random permutation of the resulting binary data vector of significant functional voxels was 299 generated, and the percent overlap with the significant structural voxels was recalculated. This 300 process was repeated for 1000 iterations for each convergence zone ROI to construct the 95% 301 confidence interval of chance overlap between structural and functional connectivity (i.e., to 302 construct the null distribution of structurally connected voxels to the convergence zone that 303 randomly overlapped with functionally connected voxels). 304
305
Results
306
Topography of corticostriatal projections 307
We first set out to characterize the major topographic gradients of the corticostriatal pathways. Figure 1G-L) . Along the medial-lateral axis, we find a gross parcellation between 316 caudate and putamen fibers, with the former receiving projections from rostral prefrontal and 317 orbitofrontal cortex, medial wall areas, and dorsal parietal regions, and the latter receiving 318 projections primarily from somatosensory, primary motor, premotor, and caudal prefrontal areas. 319
Within these major nuclear segmentations, there is a somewhat consistent medial-lateral 320 organization such that more medial areas of cortex project to more medial regions in the 321 subcortical nuclei (cooler colors in Figure 1A -F) and more lateral areas of cortex project to more 322 lateral striatal regions (warmer colors in Figure 1A -F). For example, medial orbitofrontal and 323 ventromedial prefrontal areas project to more medial caudate regions (dark blue) than lateral 324 orbitofrontal cortical streamlines (light blue; see Figure 1C -D). This is largely consistent with 325 previously reported dichotomies of caudate and putamen projections (Alexander et al., 1986) and 326 suggests that at the gross macroscopic level of major cortical regions, the primary gradient of 327 organization is in a medial-to-lateral plane. 328
The global medial-to-lateral gradient across striatal nuclei is consistent with previous 329 animal imaging studies; however, there is a strong local rostral-caudal organization within the 330 nuclei themselves. Qualitative inspection of Figure 1G -L reveals a rostral-caudal gradient that 331 appears to be isolated within major functionally defined regions. For example, within the lateral 332 prefrontal cortex, that generally tends to project to the putamen ( Figure 1A-D) , more rostral 333 regions of cortex tend to terminate in more rostral ends of the striatum. However, even this 334 gradient along the sagittal plane segregates some major cortical regions. Motor and 335 somatosensory areas tend to terminate in more caudal regions of the striatum (warmer colors in 336 Figure 1G -L) while prefrontal and orbitofrontal areas terminate in more rostral regions of the 337 striatum (cooler colors in Figure 1G -L). More interestingly, however, parietal projections extend 338 to the more rostral part of the striatum near the location of lateral frontal projection. This is 339 largely consistent with previous animal tracer studies (Cavada & Goldman-Rakic, 1991 ; 340
Selemon & Goldman-Rakic, 1988) and inconsistent with a pure, global rostral-caudal 341 organization of corticostriatal systems (see Utter & Basso, 2008 
for review). 342
These results show that two strong organizational gradients exist in corticostriatal 343 pathways. First, there is a strong macroscopic gradient in a medial-lateral orientation that 344 segregates major functional cortical regions and is moderately driven by spatial proximity. For 345 example, lateral motor areas terminate in the lateral striatal nucleus (i.e., the putamen) and 346 medial motor areas terminate in the more medial nucleus (i.e., the caudate; see Figure 1D ). 347
Second, there is a more local gradient in a rostral-caudal direction that is not driven by pure 348 spatial proximity, but appears to reflect local convergence of inputs from disparate cortical 349
regions. An interesting break of this pure rostral-caudal gradient, however, is the observation that 350 parietal streamlines (cyan and light green streamlines in Figure 1G projections from OFC, DLPFC and parietal cortical areas. To quantify these overlapping 374 projections, we used a conjunction analysis to identify voxels with significant endpoint densities 375 from OFC, DLPFC, and parietal masks (see "Materials and Methods"). Clusters of these 376 conjunction voxels (k > 20) were isolated bilaterally within the caudate nucleus and putamen 377 separately and were consistent across all 60 datasets (all t(59)s > 2.75, q < 0.05). Each nucleus 378 contains a distinct cluster of these convergent fields that appear to be relatively symmetric across 379 hemispheres ( Figure 3A , left column and Figure 3B ). In the caudate, the convergence zones are 380 isolated along the rostral portion of the body of the caudate. In the putamen, the convergence 381 zones are found on the dorsal and rostral aspects of the nucleus. These three-way convergence 382 zones are generally smaller than any of pairwise convergence zones between OFC, DLPFC and 383 parietal cortex. In general, pairwise overlaps with DLPFC are widespread and found across large 384 portions the rostral striatum ( Figure 3A, second and third columns) . The pairwise overlap of 385 OFC and parietal projections is much smaller ( Figure 3A , fourth column), suggesting that the 386 three-way convergence zones are restricted by the limited overlap of parietal and orbitofrontal 387 connections within the striatum. It is important to note that the parietal and OFC overlap areas 388 are away from ventral striatal regions that are typically thought of as the main termini of OFC 389 projections (Haber, 2003) . For reference, we also mapped the projections from the precentral 390 gyrus as a proxy for the motor inputs into the striatum, which typically terminate in the caudal 391 putamen ( Figure 3A, right column) . In all cases, the striatal areas with convergent projections 392 from OFC, DLPFC, and parietal areas is much more rostral than areas that receive projections 393 from precentral motor areas (i.e., the motor striatum). 394
In order to get a more complete picture of where the projections into the striatal 395 convergence zones originate along the cortical surface, we performed a second whole-brain 396 tractography analysis, isolating only streamlines that ended in each of the three-way convergence 397 clusters shown in Figure 3B . While the medial bias of the tractography process is somewhat 398 apparent in this second analysis, we still observed significant structural connectivity from lateral 399 prefrontal and parietal regions. Generally, both putamen convergence zones show more 400 distributed projections (Figure 4 : left, red; right, cyan) than the caudate convergence zones 401 projections ( Figure 4B : left, blue; right, yellow). The cortical connectivity with the putamen is 402 much more distributed across the frontal and parietal regions than the caudate connectivity. 403
Within OFC, there are two regions with consistent structural connectivity to the convergence 404 zones. The first is a region along the medial wall that connects largely to the putamen 405 convergence zone. The second is a region on the far lateral borders of the OFC, near the border 406 between Brodmann's areas 11 and 47, that shows consistent connectivity to both the caudate and 407 Finally, most projections to the convergence zones from the parietal cortex appear to originate 414 from regions along the angular gyrus and inferior parietal lobule, while some connections within 415 the intraparietal sulcus itself appear to reflect the location of the connections into the caudate 416 convergence zone cluster. 417
Along with connectivity to our three major regions of interest, there is strong connectivity 418 to sensorimotor regions around the precentral sulcus. This is primarily for projections to the 419 putamen convergence zone, although some medial cortical areas show consistent projections to 420 the caudate zone as well. Thus, consistent with the striatal maps in Figure 3A , some sensorimotor 421 regions may also project into rostral portions of the striatal convergence zones, particularly along 422 the putamen. Functional connectivity with the parietal cortex is restricted along dorsal aspects of the 464 intraparietal sulcus and portions of the inferior parietal lobule. In this case, connectivity to the 465 caudate convergence zone appears to reside in more caudal parietal regions while connectivity to 466 the putamen convergence zone resides in more rostral parietal areas. These regions of unique 467 functional connectivity, along with the unique cortical regions identified in the structural 468 connectivity analysis in Figure 4 , suggest that the convergence zones in the caudate nucleus and 469 the putamen may reflect dissociable networks for integrating information from frontoparietal 470
networks. 471
Since the striatal nuclei receive some of the most convergent inputs in the brain (Selemon 472 that we found to the striatal convergence zones are not unique, but that any striatal area will 474
show a broad and distributed connectivity to many neocortical areas. To address this, we 475 included an additional control analysis looking at the functional connectivity to the motor 476 putamen clusters shown in Figure 3A (right column). The group level functional connectivity to 477 the motor putamen is shown in the center column of Figure 5 . As would be expected (see Choi et 478 al., 2012) , functional connectivity from the cortex to the motor putamen is quite different than to 479 the convergence zones. There is a much larger representation along the precentral gyrus and 480 central sulcus. While there is a large cluster of connectivity along the medial wall, this cluster is 481 centered much more caudally than the clusters connected to the convergence zones. Some areas 482 do show overlap with the areas that also project to the striatal convergence zones, particularly 483 along the inferior frontal gyrus, which is thought to contain the ventral premotor cortex 484 (Rizzolatti, Fadiga, Gallese, & Fogassi, 1996), as well as some ventral medial wall and ventral 485 parietal areas. However, despite these small regions of overlap, the connectivity patterns of the 486 motor putamen demonstrate that the frontoparietal connectivity found in the convergence zones 487
is not a ubiquitous feature of corticostriatal connections. 488 489
Structure-function overlap 490
Comparing the maps in Figures 4 and 5 reveals qualitative similarities in the patterns of 491 structural and functional connectivity to the striatal convergence zones. In order to better 492 understand the similarity between these two connectivity estimates, these maps are plotted 493 together on an inflated brain surface (Figures 6 and 7) . Given the relative symmetry of the 494 connectivity patterns between hemispheres, here we will focus on descriptions of ipsilateral 495 connections in the left hemisphere. At the lateral surface, there is a high degree of overlap between structural and functional 516 connections to the caudate convergence zone (Figure 7) . In DLPFC regions, clusters of structural 517 connections extend caudally from the frontal pole to encompass the rostral two-thirds of the 518 inferior frontal gyrus. Clusters of structural connections are also present along the full extent ofthe middle frontal gyrus ( Figure 7A, upper left) . This spattering of structural connections to the 520 caudate convergence zone overlap with clusters of strong positive functional connectivity in the 521 DLPFC as well ( Figure 7A , lower left). In particular, functional connections extend caudally 522 from the frontal pole along the entire inferior frontal gyrus and the rostral third and caudal half of 523 the middle frontal gyrus, overlapping with many of the regions that also show strong structural 524
connections. 525
Connectivity to the putamen convergence zone appears to be located in similar areas of 526 anterior prefrontal cortex and along the inferior and middle frontal gyri. The main difference 527 between caudate and putamen convergence zone patterns are in the lateral frontal cortex where 528 clusters of structural connections to the putamen are somewhat larger than structural connections 529 to the caudate. Also, the putamen structural connectivity extends more ventrally in the inferior 530 frontal gyrus ( Figure 7B, upper left) . In the lower left panel of Figure 7B , positive functional 531 connectivity to the putamen convergence zone overlaps with structural connections throughout 532 the inferior frontal gyrus. Small clusters of structural connections appear to overlap with sparse 533 functional connections located in the rostral region of the middle frontal gyrus, contiguous with 534 functional connectivity in rostral superior frontal gyrus; however the structural connections in 535 this region extend much farther back along the middle frontal gyrus than the spread of functional 536
connections. 537
In parietal areas, an interesting pattern emerges with regards to the specificity 538 connections to the striatal convergence zones. Functionally, the connections to the striatal 539 convergence zones are separated along a dorsal-ventral plane, with patches of negative 540 connectivity present along the superior parietal lobule and dorsal aspects of the intraparietal 541 sulcus and patches of positive connectivity in ventral parietal regions ( Figure 7A-B, upper right) . 542
The dorsal negative connectivity region appears to be more distributed for connections to the 543 caudate than to the putamen convergence zone. More importantly, the negative functional 544 connectivity clusters overlap or are physically adjacent to regions of structural connections to 545 both striatal convergence zones ( Figure 7A-B, lower right) . 546
For connections to the caudate convergence zone, the positive functional connectivity 547 area in the ventral parietal cortex resides on the border of the supramarginal gyrus and the 548 angular gyrus ( Figure 7A, lower right) . In contrast, for connections to the putamen convergence 549 zone, this positive connectivity region is shifted in a rostral direction and isolated primarily 550 within the supramarginal gyrus, near the temporal-parietal junction ( Figure 7B, lower right) . 551
However, here the structural connections do not overlap well with the pattern of functional 552 connections for either convergence zone. We failed to find any structural connections near the 553 positive functional connectivity cluster for the caudate convergence zone. While there is 554 distributed structural connectivity to the putamen convergence zone along the supramarginal and 555 angular gyri, only the most rostral clusters of structural connections appear proximal to the 556 positive functional connectivity region on the supramarginal gyrus. Thus, the only region with 557 consistent structure-function overlaps in the parietal cortex extended along the superior parietal 558
lobule. 559
Given the incomplete qualitative overlap of structural and functional connectivity, we 560 sought to determine the likelihood that this overlap is due to chance. In order to quantify the 561 degree of overlapping connections, we calculated the probability that structurally connected 562 voxels were also functionally connected, i.e., (see "Methods: 563
Structural and Functional Connectivity Overlap Analysis") and used randomization statistics to 564 estimate the probability of observing this overlap by chance. These results are summarized in 565
the highest degree of specificity of all striatal clusters (i.e., strongest overlap within pairwise 567 maps and weakest connectivity with non-pairwise maps). The functional connectivity of the 568 caudate convergence zones significantly overlap with the structural connectivity of the two 569 putamen clusters, but the degree of this overlap is much smaller than the overlap with the 570 structural connectivity estimated from the caudate convergence zone. Similarly, functional 571 connectivity to the putamen convergence zone overlapped significantly with the structural 572 connectivity to all three striatal clusters; however, unlike the caudate results, the overall degree 573 of overlap was generally smaller and fairly equally distributed across all three striatal clusters. 574
Thus, in both the convergence zone clusters and in both hemispheres, we see a greater degree of 575 overlap in the patterns of functional and structural connectivity than would be expected by 576 chance. In contrast, the control clusters in the motor putamen do not show this pattern. The 577 functional connectivity to the left motor putamen does not significantly overlap with the 578 structural connectivity from any of the striatal clusters in the ipsilateral hemisphere, although the 579 highest degree of overlap was with the structural connectivity patterns to the same set of voxels. 580
The functional connectivity to the right motor putamen only significantly overlapped with the 581 structural connectivity to the same cluster of voxels, but not to the structural connectivity maps 582 to either of the convergence zones. This overlap of functional and structural connectivity patterns 583 in the cortex provides confirmation that voxels showing direct anatomical connections to the 584 striatal convergence zones have a high likelihood-well above chance-of being associated in 585 their functional dynamics. Furthermore, the cortical distribution of inputs to the convergence 586 zones reflects a unique set of frontoparietal networks and not a general pattern of corticostriatal 587
connectivity. 588
In spite of these limitations, the present findings provide clear evidence that projections 703 from OFC, DLPFC, and posterior parietal cortex terminate in common striatal regions. While our 704 results are consistent with several independent findings in primate neuroanatomical literature, no 705 previous study has shown the specific convergence of these three corticostriatal pathways in the 706 human brain. This highlights a plausible structural mechanism that could allow for parietally-707 mediated spatial attention processes to contribute to the integration of reward and response 708 selection. Future work should explore the particular dynamics of the neural circuit that we have 709 described here for their potential role in the integration of spatial attention information with 710 reward and executive control processes during reinforcement learning.
